Schottky Barrier (metal) Source/Drain technology is promising for high-performance nanoscale MOSFETs because it provides shallow and low-resistivity source/drain regions, as well as a simpler fabrication process. The primary challenge for this technology is reduction of the Schottky contact resistance in order to improve transistor drive current. Metal work function control is useful for reducing the contact resistance, but it is insufficient because of the Fermi-level pinning effect [1] .
Introduction
Schottky Barrier (metal) Source/Drain technology is promising for high-performance nanoscale MOSFETs because it provides shallow and low-resistivity source/drain regions, as well as a simpler fabrication process. The primary challenge for this technology is reduction of the Schottky contact resistance in order to improve transistor drive current. Metal work function control is useful for reducing the contact resistance, but it is insufficient because of the Fermi-level pinning effect [1] .
In this paper, we propose to use strain to reduce the Schottky barrier height and hence the contact resistance. As shown in Fig. 1 , the energy levels of the 2-fold valley (∆2) and 4-fold valley (∆4) in the channel are affected by strain, so that the barrier height (E b,∆2 ) for the 2-fold valley can be significantly reduced. The effects of strain and Fermi-level pinning on the Schottky barrier height are first presented, and then the advantages of using a strained-Si channel for the Schottky barrier source/drain MOSFET are described.
Simulation model
For simplicity, a 12-nm (gate length) ballistic double-gate transistor structure was used for the device simulations (Fig. 2) . The non-equilibrium Green's function method was used to include three carrier emission models at the Schottky contact (Fig. 3) [2] . The Schottky barrier heights for each valley were calculated by using the interface dipole theory and deformation potential parameters to include the strain effect and the Fermi-level pinning effect on the barrier height (E b ). Fig. 4 shows the valence-and conduction-band shifts caused by tensile stress (composed of hydrostatic and bi-axial strain components). As shown in this figure, the hydrostatic strain lowers the energy levels of the conduction and valence bands, and the bi-axial strain splits the bands into valleys with different energy levels (2-fold, 4-fold, light hole(lh), heavy hole(hh) and split-off(so)).
2-1. Strain effect

2-2. Fermi level pinning effect
According to the interface dipole theory, the metal work function is pinned near the charge neutrality level (E cnl ) [3] . The effective metal work function (E m,eff ) is different from the vacuum work function (E m,vac ) and can be calculated by using Equation (1) in Table  I . The slope parameter S used in the equation was empirically found to be 0.1 in the case of silicon. Therefore, E m,eff is approximately equal to E cnl . E cnl can be calculated by using the cell averaged real space Green's function (Equation (2) in Table I ) and silicon energy-band structure [4] . We calculated the silicon energy-band structure by using the empirical pseudo-potential method and included the strain effect in the calculation. Once E cnl is calculated, E m,eff and E b can be easily obtained.
Results and discussion
Fig . 4 shows the calculated E cnl shift caused by strain. It was found that hydrostatic strain changes E cnl , but bi-axial strain has no effect on E cnl . The reason for this result is that E cnl is dependent only on the average level of the conduction band and valence band. It is known that the bi-axial strain splits the band into valleys with different energy levels, but it does not change the average band level. Therefore, E cnl is dependent only on the hydrostatic component.
Thus, the Schottky barrier heights for the 2-fold valley (E b,∆2 ) and the light hole valley (E b,lh ) can be reduced by bi-axial strain without the disturbance of Fermi-level pinning. On the other hand, hydrostatic strain is not useful for reducing E b due to the Fermi-level pinning. Fig. 5 shows the calculated E b reduction caused by the strain.
The effect of strain-induced E b reduction on the performance of the ballistic double-gate MOSFET structure (Fig. 2) was studied next. 7 shows the strain dependence of the drain current (I d ) and the threshold voltage (V t ). The exponential improvement in drain current with strain is attributable to carrier mobility enhancement and the E b reduction. Fig. 8 shows the dependence of I d and V t on the barrier height (or metal work function, assuming that E b is determined by E m,vac without any pinning effect). From a comparison of Figures 7(a) and 8, it can be seen that the drain current achieved with 0.015 strain is comparable to that which would be obtained for a device with the zero barrier height (metal work function of 4.05). It should be noted that the bi-axial strain approach to improving I d is more attractive than the metal work function engineering approach because the strain effect is not disturbed by the pinning effect. However, the sub-threshold slope is degraded by strain (Fig. 9) , because the E b reduction increases the off-state current as well as on-state current (Figures 10 and 11) . In order to reduce the off-state current, a thinner Si channel can be used.
Conclusions
The use of strain to reduce contact resistance and improve the drive current of the Schottky barrier source/drain MOS transistor is proposed. The advantages of this approach were shown by theoretical calculation based on the non-equilibrium Green's function formalism. Furthermore, the interface dipole theory was firstly applied to the calculation in order to clarify the effects of strain and Fermi-level pinning on the Schottky barrier height. The calculated results indicate that bi-axial strain can reduce the Schottky-barrier height and increase CMOS transistor drive current without disturbance of Fermi-level pinning, whereas hydrostatic strain has no effect on the barrier height because of the pinning. These results indicate the combination of the metal source/drain structure with a bi-axially strained Si channel can be beneficial for improving the drive current of nanoscale MOSFETs.
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